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Drosophila morphogenesis: Movements behind the edge
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Coordinated cell movements during development
require extensive exchange of information between the
cells involved. Recent results suggest a connection
between two signalling pathways during dorsal closure
in the Drosophila embryo. 
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Dorsal closure during Drosophila embryogenesis is an
excellent system for studying the mechanisms underlying
the coordinated movements of epithelial cell layers. The
term dorsal closure refers to the dorsalward movement of
the lateral and ventral epidermis to enclose the embryo.
This process, which is initiated at mid-embryogenesis and
takes about two hours [1,2], can be divided into three
phases [3] (Figure 1). In the first phase, the dorsal-most
cells of the lateral epidermis elongate along the
dorsal–ventral axis; this is associated with the accumula-
tion of actin and non-muscle myosin beneath the dorsal-
most cell membranes, which form the ‘leading edge’ of
the epithelial sheet. In the second phase, cells located
more laterally gradually lose their polygonal shape and
elongate, thereby shifting the whole epidermis dorsally.
And in the third and last phase, the leading edges of both
sides meet at the dorsal midline and fuse.
These events require regulated changes to occur in
various aspects of the epithelial cells’ internal physiology,
such as their cytoskeleton and membrane traffic systems;
but at a more global level they also need some cells to act
as a leader to ensure that dorsal closure occurs under
proper spatio-temporal control. The most likely candidate
to be the leader during dorsal closure is the dorsal-most
row of epidermal cells, which could coordinate the behav-
iour of its more ventral neighbours using diffusible or
membrane-bound signalling molecules. Assuming this
view is correct, what is the nature of the signals involved
in dorsal closure, how are they transmitted from cell to
cell, and how are the signals transduced into the appropri-
ate responses within their target cells?
Little is yet known about the signals involved in dorsal
closure. In the last few years, however, many advances have
been made in understanding intracellular signalling path-
ways, and from what has been learned three general conclu-
sions can be drawn that may be relevant to the signalling
presumed to occur during dorsal closure. First, signalling
Figure 1
Roughly mid-way through Drosophila
embryogenesis, the epidermis extends
dorsalwards to cover the entire embryo — a
process known as dorsal closure. (a) At stage
13, the epidermis covers the ventral and
lateral sides of the embryo. During the
following stages, the epidermis moves
dorsalwards (arrows), which is accompanied
by elongation of the cells, first the dorsal-most
cells and later the more lateral ones. (b) At
the end of this process (stage 15), the two
leading edges (red) meet at the dorsal midline
and the cells fuse.
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cascades tend to be well conserved; for example, mitogen
activated protein (MAP) kinase pathways are conserved
from yeast to man [4]. Second, signalling cascades can be
used on multiple occasions during development, achieving
different responses depending on the cell that receives the
activating signal. And third, there is accumulating evidence
that the signals from different pathways can be integrated
within the cell, thus allowing a coordinated response to
multiple simultaneous inputs. Four recent papers [5–8]
have now drawn attention to another feature of signalling
pathways — a given process may be regulated by a
sequence of signalling cascades, in which one cascade has to
act in order for the subsequent one to be initiated.
JNK signalling pathway implicated in dorsal closure
Mutant Drosophila embryos affected in dorsal closure
commonly have a hole on the dorsal side. The genes
disrupted by mutations that cause this phenotype fall into
two groups. The first group consists of genes encoding the
proteins that effect the cellular changes that underlie
dorsal closure, such as cytoskeletal proteins, membrane
proteins or extracellular matrix proteins. This group
includes a non-muscle myosin encoded by zipper [3];
protein 4.1, a component of the membrane cytoskeleton,
encoded by coracle [9]; an integrin encoded by l(1)myos-
pheroid [10,11]; and a collagen [12]. 
The second group consists of genes encoding proteins that
regulate the concerted movements of the epithelial sheet.
Recent studies of such genes have implicated the
Drosophila Jun N-terminal kinase (JNK) pathway in the
control of dorsal closure. The first indication of this came
from the finding that hemipterous, mutations that disrupt
dorsal closure, encodes a MAP kinase kinase most related to
a member of the vertebrate JNK pathway ([13], reviewed in
[14]). Further evidence that the JNK pathway is conserved
in Drosophila has come from the recent finding [15,16] that
basket, also required for dorsal closure, encodes the
Drosophila JNK homologue. A similar phenotype to that of
basket or hemipterous mutants can be obtained by expressing
in epithelial cells of Drosophila embryos dominant-negative
forms of D-Rac or D-Cdc42 [17], small GTPases that have
been placed in the vertebrate JNK pathway.
Given that two components of the JNK pathway are well
conserved in Drosophila, it did not come as a surprise when
it was discovered that the target of the vertebrate JNK
pathway, the transcription factor Jun, is also conserved in
Drosophila [6–8]. Mutations in Djun, like those in hemipter-
ous and basket, result in a failure of dorsal closure [6–8],
adding another step to the pathway (Figure 2). The
dorsal-open phenotype of embryos mutant for basket or
hemipterous, or those expressing dominant-negative D-Rac,
could be rescued by expression of constitutively-activated
D-Jun [6]. Detailed phenotypic analysis revealed that, in
embryos mutant for hemipterous, basket or D-Jun, the first
step in dorsal closure — elongation of the edge cells —
does not occur, and neither does the later elongation of
the more lateral cells [7]. The edge cells are thus likely to
act as the ‘leader’ postulated earlier by using the JNK
pathway. But what are the targets that execute the instruc-
tions delivered by activated D-Jun?
A role for the decapentaplegic pathway
One might expect the D-Jun targets to be expressed in the
edge cells, as these seem to play an important role in the
whole process of dorsal closure. Embryos defective in any
member of the JNK pathway fail to express decapentaplegic
(dpp) in the edge cells, whereas dpp expression in other
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Figure 2
An outline of the JNK signalling pathway implicated in the control of
dorsal closure. X indicates the unknown factor or factors that connect
D-Jun activation to elongation of the edge cells; Y refers to the
unidentified signal that is postulated to activate the JNK pathway in
neighbouring cells, and to be under negative regulation by Puckered.
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regions of the embryo is unaffected. This observation
brings another signalling pathway into play, one that is
active at many different times during development. Dpp is
a secreted protein of the transforming growth factor-β
(TGF-β) family, which transmits signals in a dose-depen-
dent manner via a dimeric receptor composed of two mem-
brane-bound subunits,  serine-threonine kinases encoded
by the thick veins and punt genes. One of the intracellular
components of the Dpp pathway is a nuclear protein
encoded by schnurri. The dorsal closure phenotype of dpp
mutants cannot be scored, because of dpp’s earlier role in
specifying the dorsal–ventral axis of the embryo, but muta-
tions in thick veins, punt or schnurri lead to defects in dorsal
closure [6,7]. 
If production of Dpp, a secreted signalling molecule, is
activated in the dorsal-most cells, what role does it play
during dorsal closure? Detailed phenotypic analysis
revealed that, in thick veins and punt mutants, the dorsal-
most epidermal cells undergo elongation, and only the
more lateral cells fail to do so [7]. In JNK pathway mutants,
in contrast, neither the edge cells nor the lateral cells elon-
gate. Furthermore, the dorsal closure defect of basket
mutant embryos can be rescued by ectopic expression in
the lateral epidermis of dpp, or of a thick veins variant encod-
ing a constitutively-activated form of the Dpp receptor [7]. 
These results suggest that Dpp, directly or indirectly, is
necessary for the elongation of the lateral cells, and that
elongation of the dorsal-most cells requires a JNK
pathway-dependent, but Dpp-independent, signal. Hou et
al. [6], however, found that expression of a constitutively
activated Thick veins receptor only in the edge cells is
sufficient to rescue the dorsal closure phenotype of DJun
mutant embryos, and suggested that Dpp itself acts as a
JNK-dependent, autocrine signal to promote the organiza-
tion of the leading edge in the dorsal-most cells. 
More players in the dorsal closure team
The gene puckered is also expressed in the edge cells in
response to activation of the JNK pathway (Figure 2). In
puckered mutants, the edge cells do not elongate, yet the
lateral epithelia still move dorsalwards, although they do so
in a disorganized fashion and fail to seal properly at the
dorsal midline [18]. Expression of dpp and a lacZ reporter
gene inserted into the puckered locus is not only upregulated
in the edge cells of puckered mutant embryos, but also
ectopically induced in the more ventrally located ectoderm.
The same response could be obtained by stimulating the
JNK pathway via targeted expression of constitutively acti-
vated D-Rac or D-Cdc42, an effect that could be strongly
suppressed by hemipterous mutants, confirming that
hemipterous acts downstream of D-Rac and D-Cdc42 [5].
Several conclusions can be drawn from these observations.
The results with the lacZ reporter gene show that, like
dpp, puckered is a target of the JNK pathway in the dorsal-
most cells. The effects of puckered mutations show that its
product acts as a negative regulator of both dpp and itself,
but this action depends on components of the JNK-
pathway as, in hemipterous and JNK pathway mutants,
puckered is turned off but dpp is not upregulated [5]. The
puckered product is a MAP kinase phosphatase of the
CL100 family (A. Gampel, E. Martin-Blanco and A. Mar-
tinez-Arias, personal communication), which is compatible
with its function as a negative regulator.
The observations also imply that puckered mutations act
non-autonomously, as the mutant phenotype can be
observed in cells that normally do not express puckered.
This effect is probably mediated by an increase in the
expression of a diffusible signal in the edge cells, which, in
turn, induces the JNK pathway in neigbouring ectodermal
cells (taking ectopic dpp and puckered expression as an
indicator of JNK pathway activity). It is unlikely that this
signal is Dpp itself, as targeted expression of either Dpp
or a constitutively activated Thick veins receptor in ecto-
dermal cells does not induce ectopic expression of
endogenous dpp or puckered. So one role of puckered
appears to be ensuring that the activity of the JNK
pathway in the edge cells is well controlled.
Although some components of the pathway that controls
dorsal closure have been identified, many questions
remain open. For example, what is the signal that initiates
the JNK pathway in the dorsal-most cells, and where does
it come from? Does D-Jun regulate dpp expression
directly? Does D-Jun use D-Fos, which is expressed in
the right cells at the right time, as a partner in the activa-
tion of dpp expression? And more fundamentally, how do
the JNK and Dpp pathways control cell shape changes?
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If you found this dispatch interesting, you might also want
to read the August 1997 issue of
Current Opinion in
Genetics & Development
which included the following reviews, edited
by Kathryn Anderson and Rosa
Beddington, on Pattern formation and
developmental mechanisms:
Armadillo and dTCF: a marriage made in the nucleus
R. Cavallo, D. Rubenstein and M. Peifer
From receptor to nucleus: the Smad pathway
J.C. Baker and R.M. Harland
Brachyury and the T-box genes
J. Smith
Genetic interactions of Hox genes in limb
development: learning from compound mutants
F.M. Rijli and P. Chambon
Functions of mammalian Polycomb group and
trithorax group related genes 
A. Gould
Morphogenesis on the move: cell-to-cell trafficking of
plant regulatory proteins
D.Jackson and S.Hake
Cell signalling in root development
B Scheres
Neural tube morphogenesis
R. Spörle and K. Schughart
New insights into segmentation and patterning during
vertebrate somitogenesis
T.P Yamaguchi
Left–right asymmetry in vertebrates
I. Varlet and E.J. Robertson
Pattern formation in colour on butterfly wings
V. French
Limb mutants: what can they tell us about normal limb
development?
L. Niswander
Notch signalling in development: on equivalence
groups and asymmetric developmental potential
P. Simpson
Evolution of cell lineage
P.W. Sternberg and M-A. Fèlix
Notch in vertebrates
E. Robey
If you are, or become, a member of BioMedNet, the
worldwide club for biomedical scientists
(http://BioMedNet.com/), you can access any of these
reviews for $4 each.
